Selective growth-inhibitory effect of 8-hydroxyquinoline towards Clostridium difficile and Bifidobacterium longum subsp. longum in co-culture analysed by flow cytometry The major risk factor for Clostridium difficile infection (CDI) is the use of antibiotics owing to the disruption of the equilibrium of the host gut microbiota. To preserve the beneficial resident probiotic bacteria during infection treatment, the use of molecules with selective antibacterial activity enhances the efficacy by selectively removing C. difficile. One of them is the plant alkaloid 8-hydroxyquinoline (8HQ), which has been shown to selectively inhibit clostridia without repressing bifidobacteria. Selective antimicrobial activity is generally tested by culture techniques of individual bacterial strains. However, the main limitation of these techniques is the inability to describe differential growth dynamics of more bacterial strains in co-culture within the same experiment. In the present study, we combined fluorescent in situ hybridization and flow cytometry to describe the changes in active and non-active cells of a mixed culture formed by the opportunistic pathogen C. difficile CECT 531 and the beneficial Bifidobacterium longum subsp. longum CCMDMND BL1 after exposure to 8HQ. It was observed that without 8HQ, the proportion of both strains was almost equal, oscillating between 22.7 and 77.9 % during a time lapse of 12 h, whereas with 8HQ the proportion of active C. difficile decreased after 4 h, and persisted only between 8.8 and 17.5 %. In contrast, bifidobacterial growth was not disturbed by 8HQ. The results of this study showed the selective inhibitory effect of 8HQ on clostridial and bifidobacterial growth dynamics, and the potential of this compound for the development of selective agents to control CDIs.
INTRODUCTION
Changes in gut microbiota equilibrium, also known as dysbiosis, are in most cases side-effects of antibiotics treatment. These alterations are correlated with increased risk of developing several nosocomial infections, including those caused by Clostridium difficile (Schuijt et al., 2013) . This spore-forming cytotoxin-producing bacterium is currently one of the leading nosocomial infection agents, causing a severe form of diarrhoea (Musgrave et al., 2011) . In infants and children, as well as in adults, the asymptomatic carriage of C. difficile is common, but recent surveys pointed out the severity of its increasing incidence in paediatric patients (Kim et al., 2012) . Vancomycin and metronidazol have remained the treatments of choice for initial therapy of primary C. difficile infection (CDI) over the past 25 years, but the persistence of spores leads to recurrence of infection in 20-25 % of adult patients (Musgrave et al., 2011) . During the last decade, numerous new resistant and hypervirulent strains have appeared worldwide (Goorhuis et al., 2008) . Although the appropriate use of antibiotics remains the mainstream method of controlling CDI, aiming to reduce the dysbiosis, the interest in alternative strategies for treatment and/or prevention has increased. This is the case with the use of selective agents that inhibit pathogens with neutral or negligible impact on beneficial bacteria. Recently, 8-hydroxyquinoline (8HQ), a simple quinoline alkaloid previously detected in roots of Sebastiania corniculata (Yang et al., 2013) , was demonstrated to be very effective against several bacterial pathogens, such as resistant strains of Enterococcus faecalis or Staphylococcus aureus (Srisung et al., 2013) . The selective antibacterial effect of 8HQ towards clostridial strains was first shown in vitro using the disc diffusion method alongside its minimal negative impact on some human gut probiotics (Kim et al., 2006) . 8HQ has chelating ability and possesses widespread biological activities; it has a broad utilization ranging from a preservative in cosmetics (Andersen, 2006) , through fungicides and insecticides in agriculture, to the development of novel drugs based on its derivatives (Fernández-Bachiller et al., 2010; Prachayasittikul et al., 2013) .
Bifidobacterial strains form part of the resident gut microbiota and are commonly used as probiotics. As an example, Bifidobacterium longum subsp. longum belongs to the dominant human species persisting from early infancy throughout the whole life span and it can be administered as a supportive probiotic to patients (Puccio et al., 2007) . The selective activity of 8HQ against C. difficile with minimal negative impact on B. longum subsp. longum was confirmed in a previous study showing that the mean MIC of 8HQ towards bifidobacteria was 13-fold higher compared with that of clostridia, pointing to its potential as a selective anticlostridial agent (Novakova et al., 2013) .
As the culture methods commonly used for selectivity testing (e.g. agar dilution or broth microdilution method) do not allow detailed study of the growth dynamics of bacterial populations in co-culture, we used fluorescent in situ hybridization (FISH) combined with flow cytometry (FCM) to explore the interaction of two co-cultured bacterial strains with an antimicrobially active plantderived substance. FCM has been applied previously to study the antimicrobial activity of plant-derived substances (Silva et al., 2011) and the interactions of bacteria in cocultures (Schellenberg et al., 2006) . The information on the physiological state of specific bacterial cells retrieved by FISH targeting bacterial 16S rRNA using group-specific probes together with the fluorescence emitted by the probes can be correlated with the amount of cellular rRNA (Wallner et al., 1993) . Such a method allows the acquisition of growth information for cells, e.g. cell count, single-cell size, and DNA and RNA contents, which has been previously applied to study the activity of individual bacterial cells obtained from human faecal samples (PerisBondia et al., 2011; D'Auria et al., 2013) .
As a continuation of our previous work (Novakova et al., 2013) , we decided to examine the selective effect of 8HQ on strains of C. difficile and B. longum subsp. longum in coculture. On the basis of FISH and FCM data, together with optical density measurements, we described their growth, highlighting the selective effect of 8HQ on the tested strain of C. difficile.
METHODS
Bacterial strains, growth conditions and inoculum. C. difficile CECT 531, obtained from the Spanish type Culture Collection (CECT), was studied together with B. longum subsp. longum CCMDMND BL1 from the Culture Collection of Micro-organisms of Department of Microbiology, Nutrition and Dietetics (CCMDMND), Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences, Prague, Czech Republic, which was isolated from infant faeces according to Rada & Petr (2000) and identified according to Vlková et al. (2005) . The clostridial strain was stored in Clostridial Reinforced medium (Oxoid) with glycerol at 280 uC and the bifidobacterial strain in modified Wilkins-Chalgren Anaerobe broth (WCAB) (Oxoid) supplemented with 5 g Veggietone soya peptone l 21 (Oxoid) and 0.5 g L-cysteine hydrochloride l 21 (Sigma) with the addition of glycerol (20 %, v/v) at 220 uC. The stock cultures were activated by anaerobic growth at 37 uC overnight in modified WCAB. Both strains were cultivated on 96-well microtitre plates in a Whitley DG 250 anaerobic workstation (Don Whitley Scientific) where the plates were also prepared whilst maintaining anaerobic conditions. The inoculum of each strain was adjusted spectrophotometrically to receive 1610 6 cells. For the co-cultures, two inocula (1610 6 cells) of the same quantity were mixed. Modified WCAB was used as a liquid growth medium. Prior to assays, each strain was inoculated on modified WilkinsChalgren Anaerobe agar (Oxoid) supplemented with the same components as modified WCAB to ensure optimal growth and purity.
Broth microdilution assay. The in vitro broth microdilution method was used to determine the MIC of 8HQ towards both strains tested in anaerobic conditions, following the guidelines in Hecht (1999) modified according to the recommendations proposed for effective assessment of the anti-infective potential of natural products (Cos et al., 2006) . Stock solutions of 8HQ (102.4 and 25.6 mg ml 21 ) were prepared in DMSO (Lach-Ner). Dilutions were carried out in modified WCAB, from 256 to 0.25 mg l 21 for the clostridial strain and from 1024 to 1 mg l 21 for the bifidobacterial strain, employing 96-well microtitre plates. Tetracycline hydrochloride (Applichem) was employed as a positive control of antibiotic activity. The plates were incubated anaerobically at 37 uC for 48 h. The OD 405 in the wells was determined spectrophotometrically using a Tecan Sunrise microplate reader (Männedorf) with Magellan data analysis software to evaluate growth. MICs were defined as the concentrations at which .80 % of cells were inhibited with respect to a growth control. The tests were performed in triplicate in three independent experiments and median values were used for MIC calculation.
Co-cultures growth conditions and FCM assay. For co-culture experiments, 100 ml B. longum subsp. longum BL1 inoculum was mixed with 100 ml C. difficile 531 inoculum. In the trial, 8HQ was tested at 16 mg l 21 , which was twice as high as the MIC towards C. difficile 531. For reference, individual bacterial strains were cultivated simultaneously with and without 8HQ. All 96-well microtitre plates were incubated in an anaerobic chamber for 12 h. Aliquots of 100 ml were taken every 2 h from replicate cultures from the microtitre plate in the anaerobic chamber and transferred to a fresh tube containing formaldehyde for fixing at a ratio of 9 : 1 until a final concentration of 3.7 % was reached. After 12 h of incubation at 4 uC, the cells were washed twice from a fixative using a salt solution (0.9 % NaCl). Finally, samples were stored at 220 uC in salt solution and ethanol (1 : 1, v/v). Prior to FCM analysis, ethanol was washed from the samples by centrifugation and resuspension in salt solution, and the samples were finally resuspended in 1 ml salt solution to reduce cell clumping.
FISH. FISH was performed using genus-specific probes. The probes were used together in a mixed co-culture or separately in individual bacterial cultures. The probes for C. difficile were designed by PRIMROSE software 2.17 (Ashelford et al., 2002) using 16S rRNA bacterial sequences from the Ribosomal Database Project (Cole et al., 2009) (data downloaded in April 2011): CD174 probe: 59-/56-FAM/GCCT-CTCAAATATATTATCCCG-39 and CD60 probe: 59-/56-FAM/TTTA-CCGAAGTAAATCGCTCAAC-39 (synthesized at Integrated DNA Technologies). The hybridization was performed according to the modified protocol of Fuchs et al. (1998) ; the hybridization buffer contained a final concentration of 0.5 mg l 21 for each probe. For B. longum subsp. longum, a specific FISH kit for Bifidobacterium spp. (RiboTechnologies) containing the probe Bif662 (59-CCACCGTTA-CACCGGGAA-39) labelled with Cy5 was used. The hybridization was performed according to the manufacturer's instructions. Hybridization buffer contained 2 ml probe per sample. Negative experiments were prepared using hybridization buffer without probes.
C. difficile 531 monoculture growth curves. Single-cell DNA/RNA content, size and complexity parameters were described during growth by the use of an FCM assay. For that purpose, individual strains were cultivated in triplicate in microtitre plates maintaining anaerobic conditions and taking out a sample every 2 h to fix it in paraformaldehyde, as previously explained, and for the staining process. The concentration of 8HQ was 8 mg l 21 as previously defined by the microdilution method.
Each sample was stained with pyronin Y fluorochrome (AppliChem) for the RNA staining process, whilst SYTO 62 was used for selective staining of DNA (Invitrogen). Both stains were used at a final concentration of 0.5 mM. Control experiments were performed using each fluorochrome separately. The samples were then incubated for 3 h and processed through a flow cytometer.
Analysis of FCM data. FCM experiments were carried out using a Cytomics FC 500 (Beckman Coulter). FCM data were analysed using R packages FlowCore (Ellis et al., 2012a) , FlowViz (Ellis et al., 2012b) and ggplot2 (Wickham & Chang, 2012) . FCM parameters related to size, complexity, DNA/RNA content and specific probe fluorescent emissions along the growth curves were analysed. Differences between growth curves were evaluated by the t-test. For analysis of the growth of two bacterial species in a co-culture, the gates were set using FL1 (x-axis, Cy3 probe specific for clostridia) versus FL3 (y-axis, Cy5 probe for bifidobacteria). The negative control consisted of sterile growth media. Statistical analysis was done using R programming language. Growth trends of separately grown C. difficile 531 were visualized in FCM using pyronin Y (RNA-specific stain) as a marker for cell activity and/or SYTO 62 as a marker of cellular DNA abundance (Peris-Bondia et al., 2011) .
RESULTS

FCM analysis of a mixed co-culture
Control experiments without 8HQ showed that both bacterial strains grew similarly when cultivated individually (Figs 1a, b and S1a, b, available in the online Supplementary Material). In individual cultures, active cells of the strains of C. difficile and B. longum subsp. longum formed up to 70.1 and 58.4 % of all recorded FCM events, respectively. If 8HQ (16 mg l
21
) was present in the media of individual cultures, almost no positive clostridial events were observed (maximally 5.9 % of all FCM events). In contrast, a decrease in the proportion of positive bifidobacterial events was observed in individual culture with 8HQ, accounting for up to 71.0 % of all FCM events. Thus, the growth of a monoculture of the tested strain of B. longum subsp. longum was statistically similar under the conditions with and without 8HQ (Welch two-sample ttest P50.626; Wilcoxon test P50.522, calculated from the number of events belonging to the B. longum subsp. longum BL1 fluorescent area).
Similar behaviour was observed in the control mixed cultures without 8HQ where hybridized strains of C. difficile and B. longum subsp. longum were distributed equally (Figs 1c and S1c). The proportion of the strains of C. difficile and B. longum subsp. longum oscillated during growth between 22.7 and 77.9 % and 27.1 and 77.2 % of all hybridized cells, respectively. At the end of the experiment without 8HQ, a decrease of C. difficile cells was observed. In contrast, in the mixed culture experiment in the presence of 8HQ (16 mg l 21 ), the proportion of the two strains was in equilibrium only during the first 2 h of growth. After 4 h, positive clostridial events significantly decreased, forming only 8.8-17.5 % of all hybridized cells (2.6-6.5 % of all FCM events).
In the microtitre plate assay, 8HQ inhibited C. difficile 531 in vitro with a MIC of 8 mg l
. In contrast, the MIC of B. longum subsp. longum BL1 was 512 mg l
. These data showed a 64-fold higher MIC of 8HQ towards Bifidobacterium compared with Clostridium, demonstrating a selective inhibitory effect of 8HQ.
C. difficile 531 subpopulation analysis based on DNA and RNA content
Considering the total amount of cells, the OD 405 data of monoculture experiments shown in Fig. 2 demonstrated the significant reduction of C. difficile in the presence of 8HQ (8 mg l
21
, P,0.01). In this case, the lag phase of the whole bacterial culture was prolonged up to 12 h in comparison with the control experiment without 8HQ, where the lag phase was only 2 h. On the contrary, for the data for B. longum subsp. longum BL1 shown in Fig. 2 , there was no significant difference between experiments with and without 8HQ (8 mg l
, P.0.05).
The DNA/RNA content variations were visualized by subsetting specific areas of FCM biplots representing the Selective growth-inhibitory effect of 8HQ cellular size versus fluorescence emitted by DNA-and RNA-specific dyes. Figs 3(a) and S2 offer an overview of the distribution of FCM events along C. difficile growth curves showing differences in RNA (FL2 axis) and DNA (FL4 axis) content and size (FS axis). Descriptions of the predetermined areas for monitoring the distribution of FCM events are given in Fig. 3(b) .
Looking at the RNA content in the presence of 8HQ, the active cells formed only 39.1±6.1 % of cells in the culture ('triangle' area) during the first 12 h of growth (lag phase), maintaining a significant part of the cells (46.0±6.2 %) also in low fluorescence areas ('centre' and 'down'). We observed a sudden increase in active cells ('triangle' area) at a single time point during the lag phase (e.g. an increase up to 57.4 % at 6 h), whilst the majority of cells at earlier and later time points maintained lower fluorescence. At 14 h, the active fraction increased up to 80.37±8.76 %, which corresponded exactly to the global OD 405 profile of the growth curve. In contrast, the exponential phase of C. difficile in media without 8HQ showed an increase from 64.7±13.4 % at 4 h to 92.5±1.5 % at 6 h, which corresponded to the beginning of the exponential phase. At the same time point, an increase (33.6±14.1 %) of cells present in the 'up' area was recorded (highly active cells), whilst in comparison there were only 7.23±4.65 % of cells present in this area at other time points.
Similarly, monitoring of the DNA content in the media without 8HQ showed an increase in the percentage of highly active cells of up to 37.3±9.7 % at 4 h ('up' area), whilst during other time points it was only 14.3±8.0 %. Moreover, it is worth mentioning the presence of cells with a high DNA content in the 'up' area during 4-10 h of growth in the absence of 8HQ, which were attempting to segregate themselves from the 'triangle' area and form two separate populations. In contrast, in the media with 8HQ, the lag phase was maintained for the first 12 h with FCM active events at 30.1±8.7 % ('triangle' area), starting its exponential phase at 14 h and recording it as an increase in active cells up to 80.4±8.8 %.
DISCUSSION
The present study is an extension of our previous work where we showed the selective inhibitory activity of 8HQ towards 10 bifidobacterial and 12 clostridial strains in monocultures (Novakova et al., 2013) . The MIC of B. longum strains in both studies was 512 mg l
21
; however, the C. difficile infant isolate tested in the previous study showed an MIC of 32 mg l 21 , whilst the MIC of its type strain in the present study was even lower, 8 mg l
. In this work, the selective action of 8HQ was also confirmed in a co-culture of one bifidobacterial and one clostridial strain. Our findings support the potential use of this molecule for therapeutic use against CDI because it seems not to have any negative effects on bifidobacterial strains, which are considered as part of the resident microbiota, or in treatments against CDI where bifidobacteria are used as probiotics for replenishment of the normal gut microbiota (Selinger et al., 2013) .
The mechanism of 8HQ selectivity has not yet been elucidated. 8HQ has a chelating activity -it scavenges metallic cations from its environment whilst reactive oxygen species are formed. The chelated metals become unavailable for enzymes and so certain metabolic processes are inhibited (Chobot et al., 2011) . For example, the inhibition of RNA synthesis occurs if bivalent cations required for RNA polymerase activity are chelated (Fraser & Creanor, 1975) . In relation to our results, it could be suggested that 8HQ causes selective RNA polymerase inhibition because of the different ability of bifidobacteria and clostridia to accumulate metallic ions. It is most likely that the oxidative stress defence systems of these bacterial species are also different. The role of metalloenzymes in these systems should be exploited considering that the differential acquisition of metallic ions by these bacterial species could explain the mechanism of the selective antibacterial action of 8HQ.
In our study, we divided the FCM plots into areas depending on the DNA/RNA content as well as the shape and size of individual cells during microbial growth. Thus, we monitored the changes of FCM event counts in these areas during growth. These variations can be explained by the appearance of subpopulations. Similar behaviour of microbial growth in liquid culture was previously described by Müller & Babel (2003) . The beginning of growth is always characterized by cells having initially low DNA/RNA content showing lower fluorescence emission ('central' area) . During the first hours of growth when the OD 405 is still low (,0.6), novel cells are increasing their size, but still do not have enough RNA to produce a higher fluorescent signal ('right' area) . At this stage, it is also possible to visualize small cells with a very high RNA content ('up' area) that probably represent the early initialization of the exponential phase. This is in accordance with the report of DeLong et al. (1989) that exponentially growing cells have considerably higher levels of nucleic acids. The 'triangle'-shaped area observed in this work during the exponential and stationary phase was also previously observed by Thomas et al. (1997) . 
Selective growth-inhibitory effect of 8HQ
The present study demonstrated that FCM offers additional information on the DNA/RNA content of each individual cell in a culture which cannot be observed by simple optical density measurements. For example, an increase in the presence of cells in the 'triangle' area in the RNA plot at 6 h in media with 8HQ (which was not observed at earlier or later time points during the lag phase) might be a demonstration that some C. difficile 531 cells attempted to start cell division, but they had been affected by 8HQ chelation. Similarly, FCM helped to identify a population with an exceptionally high RNA content ('up' area) in the culture without 8HQ at 4 h. Thanks to this protocol we were able to observe two segregated populations of the 'triangle' area in DNA plots during 4-10 h of growth. The first population has increased fluorescence (FL4 axis), i.e. it belongs to the 'up' area, and the second population has a larger size (FS axis). As the increase in DNA content in individual cells corresponds with chromosome duplication, for 4-10 h we might observe the cells with one or two chromosome copies.
CONCLUSION
FCM analysis combined with specific probes was used to study the selective action of the antibacterial substance 8HQ towards beneficial and pathogenic bacterial strains grown in vitro in a mixed co-culture. Combining the sensitivity and specificity of fluorescent probes with FCM analysis of thousands of bacterial cells in seconds seems to be a powerful approach for the study of the growth dynamics of bacterial populations. It was shown that 8HQ did not negatively influence the growth of beneficial B. longum subsp. longum BL1 at the same time as it inhibited the opportunistic pathogen C. difficile 531 for the first 12 h of cultivation. Visualization of the nucleic acid activity was shown to be in accordance with optical density measurements. Finally, a more in-depth study on the effects of 8HQ, its persistence in the medium and its mechanism of action is needed prior to its possible application as a selective anticlostridial agent for the control of nosocomial infections of C. difficile in public health.
